INTRODUCTION
Bcl-2 is the first negative regulator of apoptotic cell death to be identified [1] [2] [3] . Apoptosis is an active form of cell suicide that is associated with morphological changes such as cell shrinkage, cell membrane blebbing, nuclear fragmentation and DNA degradation [4] . The exogenous expression of the bcl-2 gene is shown to protect cells from apoptosis induced by p53 overexpression and various stimuli, such as growth-factor withdrawal, irradiation and chemotherapy [1, [5] [6] . Those cells which survive with Bcl-2 protection against environmental stimuli generally undergo cell-cycle arrest [2, [5] [6] . There is other recent evidence suggesting that Bcl-2 may also affect growth regulation. For example, it has been shown that Bcl-2 delays the entry into the cell cycle of mitogen-stimulated B and T lymphocytes and delays the serum stimulation-induced entry into S phase of quiescent NIH3T3 fibroblasts [7] . Moreover, certain evidence in i o also indicates the involvement of Bcl-2 in growth regulation. For example, a high concentration of Bcl-2 can be detected in premalignant stomach lesions but not in stomach carcinoma [8] . In addition, expression of Bcl-2 is reported to inversely correlate with the mitotic index of stomach lesions [9, 10] . In such situations, it is possible that Bcl-2 might prevent malignant transformation by inhibiting cell growth in i o. These facts indicate that Bcl-2 may inhibit growth when normal cell growth is perturbed.
Retinoic acid (RA)-inhibited growth of SC-M1 cells can be maintained for 70 days by continuous RA exposure, and remains reversible after the removal of RA [11] [12] [13] . This provides an excellent system to study mechanisms involved in growth reguAbbreviations used : DMEM, Dulbecco's modified Eagle's medium ; FBS, fetal-bovine serum ; p21, cyclin-dependent kinase inhibitor p21 (WAF1/CIP1) ; RA, retinoic acid ; m.o.i., multiplicity of infection. 1 To whom correspondence should be addressed (e-mail yptsao!kimo.com.tw).
(p21) as a mediator of RA-induced growth arrest [Tsao, Li, Kuo, Liu and Chen (1996) Biochem. J. 317, 707-711]. In a search for the mechanism by which Bcl-2 affects growth regulation, we found that p21 gene expression was more prominent in SCM1\Bcl2 cells than in SC-M1\neo cells in the presence of RA, but when RA was removed, p21 gene expression levels in SCM1\Bcl2 cells were also reduced earlier than in SC-M1\neo cells. The present report is the first to show that Bcl-2 accelerates not only growth arrest but also recovery from growth arrest. Moreover, the close correlation between the effect of Bcl-2 on both RA-induced growth arrest and RA-induced p21 gene expression suggests the possibility that Bcl-2 affects cell growth through the mechanism of p21.
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lation. To further establish its reversible growth inhibitory effect, Bcl-2 was tested on SC-M1 gastric cancer cells. Therefore, in the present study, we investigated whether Bcl-2 could regulate growth of SC-M1 cells in the presence of RA. We found not only that Bcl-2 did indeed accelerate RA-induced growth arrest but also that an enhanced RA-induced p21 [cyclin-dependent kinase inhibitor p21 (WAF"/CIP") ] expression in Bcl-2 containing cells was observed, suggesting that p21 mediated the early growth arrest of Bcl-2-containing SC-M1 cells. A surprising result of the study was the faster recovery of RA-treated SC-M1\Bcl2 cells from growth arrest after the removal of RA when compared with the recovery of the RA-treated control cells (SC-M1\neo) ; furthermore, the decrease in p21 gene expression was faster than that of SC-M1\neo cells. These results indicate that Bcl-2 accelerated both growth arrest and recovery.
EXPERIMENTAL Cells
SC-M1, a gastric cancer cell line [14] (kindly provided by Dr. Ching-Liang Meng), was cultured in Dulbecco's modified Eagle's medium (DMEM ; Gibco Laboratories, Grand Island, NY, U.S.A.) containing 10 % (v\v) fetal-bovine serum (FBS ; Gibco) and 100 units\ml penicillin and streptomycin. SC-Ml cells were transfected with a pCEP4-based plasmid (Invitrogen, Carlsbad, CA, U.S.A.) encoding human bcl-2 cDNA. After selection with 200 µg\ml hygromycin for 3 weeks, resistant clones were pooled, and named SC-M1\Bcl2.
Cell proliferation assay
Cells were plated on to a 6-well plate at a density of 3i10% cells per well in DMEM containing 10 % (v\v) FBS and 100 units\ml penicillin and streptomycin. After 24 h, the medium was changed to DMEM with 10 % (v\v) FBS in the presence of 5 µM RA or an equal amount of DMSO. The cell numbers were counted every other day using a haemocytometer. Viability was determined by Trypan Blue exclusion.
RNA isolation and Northern-blot analysis
The single-step method of RNA isolation by acid guanidinium thiocyanate\phenol\chloroform (1 : 1 : 0.2, by vol.) extraction was used to obtain total cell RNA. The RNA was separated by electrophoresis on a formaldehyde\1 % agarose denaturing gel and then transferred to a nitrocellulose filter. The filters were then hybridized with probes at 68 mC as follows. The hybridization buffer contained 50 % (v\v) formamide, 5i Denhardt's solution, 5iSSPE (where 1iSSPE is 0.15 M NaCl\ 10 mM NaH # PO % \1 mM EDTA, pH 7.4), 10 % (w\v) dextran sulphate, 0.1 % (w\v) SDS and 200 µg\ml denatured salmon sperm DNA. The probes were p21 cDNA (kindly provided by Dr David Beach, Cold Spring Harbor Laboratory, NY, U.S.A.) and β-actin cDNA labelled with [α-$#P]dCTP by nick translation. After hybridization, the filters were washed in 0.1iSSC (1iSSC is 0.15 M NaCl\0.015 M sodium citrate) containing 0.1 % (w\v) SDS at 60 mC, and then air-dried and autoradiographed at k70 mC. The intensity of the bands in the autoradiograms was measured by laser densitometry.
Immunoblot
Cellular proteins were extracted into SDS\PAGE sample buffer (New England Biolabs) and boiled for 10 min. The crude protein lysates (150 µg) were separated by SDS\PAGE, transferred to a nitrocellulose filter, reacted with specific primary antibodies and were revealed using secondary antibodies and Western Blue stabilized for alkaline phosphatase (Promega, Madison, WI, U.S.A.). Antibodies recognizing p21 and Bcl-2 were purchased from Pharmingen (San Diego, CA, U.S.A.). The gels were subjected to autoradiography and the intensity of the bands was estimated by laser densitometry.
Flow cytometric analysis of DNA content
Cells were treated with trypsin and resuspended at 5i10' cells\ml in citrate buffer [250 mM sucrose\40 mM sodium citrate\5 % (v\v) DMSO, pH 7.6]. A 200 µl sample was added to 1.8 ml of solution A [30 µg\ml trypsin, 3.4 mM sodium citrate, 0.1 % (v\v) Nonidet P40, 1.5 mM spermine and 0.5 mM Tris\HCl, pH 7.6] and incubated for 20 min at room temperature. Following this, 1.5 ml of solution B [500 µg\ml trypsin inhibitor (Sigma), 100 µg\ml ribonuclease A (Sigma), 3.4 mM sodium citrate, 0.1 % Nonidet P40, 1.5 mM spermine and 0.5 mM Tris\HCl, pH 7.6] was added and the solution was incubated for 20 min at room temperature. Finally 1.5 ml of ice-cold solution C (416 µg\ml propidium iodide, 3.4 mM sodium citrate, 0.1 % Nonidet P40, 1.5 mM spermine and 0.5 mM Tris\HCl, pH 7.6) was added and the incubation was continued at 4 mC for 20 min. Flow cytometric analysis was performed using a FACScan (Beckton and Dickinson). Analysis of the percentage of cells in the S phase was performed using CellFIT cell-cycle analysis software (Beckton and Dickinson).
Statistical analysis
The P values were calculated by the Wilcoxon rank-sum test. A significant correlation between two parameters was taken at the 95 % confidence limit, where P 0.05.
RESULTS

Establishment of a variant of SC-M1 overproducing Bcl-2
To investigate the effect of Bcl-2 on RA-induced growth arrest in SC-M1 cells, SC-M1\Bcl2 cells were established by transfecting bcl-2 cDNA into SC-M1 cells and then by pooling at least 80 hygromycin-resistant colonies. As a control, vector plasmid (pCEP4 ; Invitrogen) was transfected into SC-M1 cells to establish SC-M1\neo cells. As shown in Figure 1 , high levels of Bcl-2 protein in SC-M1\Bcl2 cells were detected by immunoblotting. This cell line was used to study the effect of Bcl-2 on RA-induced growth arrest, since Bcl-2 levels were not affected by exposure of the cells to 5 µM RA for 2 days. The growth rates of cells revealed that SC-M1\Bcl2 cells proliferated at a similar rate to SC-M1 and SC-M1\neo cells in the absence of RA. The cell growth of SC-M1\Bcl2 cells under the influence of RA was moderately slower than that of SC-M1\neo cells ( Figure 2 ).
Bcl-2 accelerates RA-induced growth arrest of SC-M1 cells
To investigate the effect of Bcl-2 on RA-induced growth arrest, flow cytometric analysis of DNA contents in SC-M1\Bcl2 and SC-M1\neo cells in the presence or absence of RA treatment was performed. As shown in Table 1 , the percentage of cells in S phase, which represents the status of cell growth, remained around 26-35 % in both SC-M1\Bcl2 cells and SC-M1\neo cells in the absence of RA treatment during the 6-day culture period. RA exposure reduced the percentage of cells in S phase to 11.2 % in 2 days in SC-M1\Bcl2 cells. However, RA exposure for 4 days
Figure 1 Expression of Bcl-2 by Western-blot analysis
Cell lysates (150 µg) from SC-M1, SC-M1/neo and SC-M1/Bcl2 cells in the presence or absence of 5 µM RA for 2 days were extracted and analysed by SDS/PAGE. Immunoblot analysis was then performed using antibodies recognizing Bcl-2. β-Actin-specific antibodies were used to ensure that equal amounts of protein were present in different lanes. A representative autoradiogram from three independent experiments is shown. Bcl-2 accelerates growth arrest
Figure 2 Cell growth of SC-M1, SC-M1/neo and SC-M1/Bcl2 cells in response to RA exposure
Cells (3i10 4 ) were plated on to a 6-well plate and grown in the presence or absence of 5 µM RA. Cell numbers were counted every 2 days using a haemocytometer.
was necessary to reduce the percentage of cells in S phase to a similar level (13.4 %) in SC-M1\neo cells. The difference in the decrease of the S phase percentage for longer exposure (such as 6 days) of both SC-M1\Bcl2 and SC-M1\neo cells to RA was not significant. In summary, these observations indicate that the response of Bcl-2-containing cells to RA-induced growth arrest is faster than that of SC-M1\neo cells. In addition, since Bcl-2 has an anti-apoptotic effect [1] [2] [3] , we examined apoptosis of SC-M1\Bcl2 and SC-M1\neo before and after exposure to RA to study what function the anti-apoptotic protein might have in growth arrest regulation. Even with overexpressed exogenous Bcl-2 gene, the SC-M1\Bcl2 cells had the same ratio of apoptosis as the SC-M1\neo cells (approx. 1 %) when measured using the annexin V apoptosis assay. The ratio remained the same in both cell lines when subjected to RA exposure (results not shown).
Table 1 Flow cytometric analysis of SC-M1/neo cells and SC-M1/Bcl2 cells after RA exposure
Exponential-phase SC-M1/neo and SC-M1/Bcl2 cells were cultured in the presence of 5 µM RA or an equal volume of DMSO (0) for 2, 4 or 6 days respectively. Cells were then treated as described in the Experimental section and subjected to flow cytometric analysis of DNA content. The results are the percentages (pS.D.) of cells in each phase of the cell cycle from three separate experiments. This observation suggests that Bcl-2 does not function as an antiapoptotic protein in SC-M1 cells in the presence of RA.
Bcl-2 accelerates the reversal of RA-induced growth arrest
One of the possible explanations for the Bcl-2-accelerated RAinduced growth arrest is that Bcl-2 itself may have a growthsuppression effect. The acceleration of growth arrest may represent the synergistic effect of RA and Bcl-2. Under this assumption, Bcl-2 would be expected to slow down the recovery from growth arrest after the removal of RA. SC-M1\neo and SC-M1\Bcl2 cells were exposed to RA for 6 days to achieve complete growth arrest. After the removal of RA cell growth was assayed by monitoring the S-phase population of cells by flow cytometry. Surprisingly, the results showed that Bcl-2-expressing cells (SC-M1\Bcl2) recovered faster than SC-M1\neo cells from growth arrest ( Table 2 ). The percentage of cells in S phase was greater in SC-M1\Bcl2 cells (22.7 % at 6 days and 31.7 % at 8 days) than in SC-M1\neo cells (12.3 % at 6 days and 18.6 % at 8 days) after the removal of RA. Since SC-M1\Bcl2 cells recover more quickly from RA-induced growth arrest, Bcl-2 may have a stimulatory effect on growth when RA is removed. These observations indicated the potential role of Bcl-2 as a bi-
Figure 3 RA treatment increases the concentrations of p21 protein and RNA in SC-M1/Bcl2 cells when compared with SC-M1/neo cells
Exponential-phase growing SC-M1/neo and SC-M1/Bcl2 cells were cultured in the presence of 5 µM RA or an equal volume of DMSO for the indicated times. (A) Cell lysates were extracted and separated by SDS/PAGE. Immunoblot analysis was then performed using antibodies recognizing p2l. A representative autoradiogram from four independent experiments is shown. (B) Northern blot analysis. Total cellular RNA was extracted, separated on formaldehyde/agarose (1.0 % gel), blotted on to a nitrocellulose filter and hybridized to p21-specific cDNA probes, as described in the Experimental section. The filter was then hybridized to β-actin-specific cDNA probes to ensure that equal amounts of RNA were present in the different lanes. A representative autoradiogram from four independent experiments is shown. *Significant difference between fold change in SC-M1/Bcl2 compared with SC-M1/neo cells at P 0.05 by Wilcoxon rank-sum test.
directional catalyst to accelerate RA-induced growth regulation, both in growth arrest and recovery from growth arrest.
Bcl-2 enhances p21 induction by RA treatment
We further studied the mechanism by which Bcl-2 accelerated RA-induced growth arrest. Since p21 is proposed to be involved in this phenomenon [15] [16] [17] [18] , we investigated whether Bcl-2 overexpression raised the concentration of p21 during RA-
Figure 4 Concentrations of p21 protein and RNA after removal of RA treatment
Exponential-phase growing SC-M1/neo cells and SC-M1/Bcl2 cells were cultured in the presence of 5 µM RA for 6 days. RA was then removed by changing the medium. (A) Cell lysates were extracted at the indicated time points and analysed by immunoblotting with antibodies recognizing p2l. A representative autoradiogram from four independent experiments is shown. (B) Total cellular RNA was extracted at the indicated time points, separated on formaldehyde/agarose (1.0 % gel), blotted on to a nitrocellulose filter and hybridized to a p21-specific cDNA probe, as described in the Experimental section. The filter was then hybridized to a β-actin-specific cDNA probe to ensure that equal amounts of RNA were present in different lanes. A representative autoradiogram from four independent experiments is shown. *Significant difference between fold change in SC-M1/Bcl2 compared with SC-M1/neo cells at P 0.05 by Wilcoxon rank-sum test.
induced growth arrest. Immunoblot analysis revealed greater p21 protein concentrations in SC-M1\Bcl2 cells than in SCM1\neo cells after RA exposure ( Figure 3A) . The concentrations Bcl-2 accelerates growth arrest of p21 protein after exposure to RA for 2, 4 or 6 days in SCM1\Bcl2 cells were 1.7-, 1.4-and 1.2-fold of those in SC-M1\neo cells respectively. Whereas the comparative levels of p21 protein in SC-M1\Bcl2 increased significantly within 2 days of RA treatment, Northern-blot analysis showed that, during the first 3 days, p21 mRNA levels were also significantly higher in SCM1\Bcl2 cells (1.7-, 1.7-and 1.6-fold) than in SC-M1\neo cells after exposure to RA, when assessed using Wilcoxon rank-sum test. By day 4 of exposure, the levels of mRNA reached a plateau and the concentrations of p21 mRNA were not significantly different ( Figure 3B ). Taken together, these results suggest that Bcl-2 may amplify RA-induced p21 gene induction during growth arrest. As our previous observations indicated that Bcl-2 accelerated the recovery from growth arrest after the removal of RA (Table  2) , we also investigated the p21 levels in SC-M1\neo and SCM1\Bcl2 cells after the removal of RA using immunoblot and Northern-blot analysis. The levels of p21 protein ( Figure 4A 
p21 is a mediator of RA-induced growth arrest
After documenting the correlation of the effect of Bcl-2 on RAinduced growth arrest and RA-induced p21 gene expression, the next step was to further establish p21 as the mediator of growth arrest in SC-M1\neo and SC-M1\Bcl2 cells. We tested the capability of p21 to arrest cell growth by overexpressing the exogenous p21 gene in the two cell lines. SC-M1\neo and SCM1\Bcl2 cells were transduced by an adenovirus encoding the p21 gene at 100 multiplicity of infection (m.o.i.) [19] . Figure 5(B) (panels a and c) show the lack of morphological change in both the SC-M1\neo and the SC-M1\Bcl2 cells when each was infected with an equivalent titre of recombinant adenovirus encoding lacZ. As shown in Table 3 , flow cytometric analysis of p21 adenovirus-infected cells revealed the depletion of S phase cells 2 days after infection. After adenovirus-p21 infection, the number of S-phase cells in SC-M1\neo cells was reduced to 18.7 % compared with 35.6 % of cells in S phase after infection with adenovirus-lacZ. The ability of exogenous p21 to achieve a similar effect on cell-growth arrest to that of RA, together with the correlation between RA-induced growth arrest and p21 gene induction, provided some, but not sufficient, evidence for the possible role of p21 as a mediator of the growth arrest induced by RA in both SC-M1\neo and SC-M1\Bcl2 cells.
DISCUSSION
RA is reported to induce cell-growth arrest and cell differentiation in experimental and physiological conditions [20] [21] [22] . Indeed, the induction of cell differentiation by RA has been widely used for elucidating the regulating mechanism of cell growth and differentiation. Growth arrest by RA in most research models is irreversible [20] [21] [22] , this makes the correlation of the biological response with growth regulation or differentiation difficult. However, SC-M1 cells offer a unique system by which RA treatment can induce reversible growth arrest and morphological changes [11] [12] [13] . Any biological event can be better correlated with RA-induced growth arrest if it appears with RA treatment and disappears after the removal of RA. In the present study, p21, which correlated well with the reversible cell-growth arrest, may also participate in the growth arrest induced by RA ( Figure  4) . A supplementary piece of evidence came from the finding that overexpression of p21 by an exogenous p21 gene delivered by an adenoviral vector led to growth arrest in SC-M1 cells (Table 3) .
It was also found that SC-M1\Bcl2 cells, when treated with RA, were arrested in growth 2 days earlier than SC-M1\neo cells ( Table 1 ), indicating that Bcl-2 accelerates RA-induced growth arrest. Further, in addition to this accelerated growth arrest, RAtreated SC-M1\Bcl2 cells also recovered from growth arrest after the removal of RA 2 days faster than SC-M1\neo cells ( Table 2 ). The present report is the first to demonstrate that Bcl-2 accelerates not only growth arrest but also recovery from growth arrest.
In the present study, it was found that Bcl-2 overexpression did not affect cell growth (Figure 2) . However, in a previous study, it was stated that the colorectal adenocarcinoma cell line (SW480) was the only cell line among several tested where growth was inhibited by Bcl-2 [23] . This observation was measured by transfecting Bcl-2 cDNA into SW480 cells. Colony formation was counted by drug selection. It is not known if growth arrest was the mechanism behind the failure of colony formation. It is, nevertheless, still reasonable to assume that Bcl-2 does not affect the growth of normal cells.
In a search for the mechanism of growth regulation by Bcl-2, in the present study, it was found that the p2l gene product was an important factor in growth arrest induced by RA, whereas Bcl-2 moderately enhanced the induction of p2l in the presence of RA (Figure 3 ). This suggests a model where Bcl-2 is involved in RA-induced growth arrest by enhancing the expression of the p2l gene. It is unlikely that Bcl-2 directly affects p2l gene expression since Bcl-2 is not a nuclear protein, and has never been reported to be a transcription factor. However, overexpression of Bcl-2 is shown to induce apoptosis-associated changes, such as alteration of the cellular redox state [24] [25] [26] [27] , change in subcellular calcium ion distribution [28, 29] , activation of caspases [30] and distribution of the mitochondrial membrane potential [31] [32] [33] . These mechanisms may be involved in the regulation of p21 gene expression resulting from the presence of Bcl-2. Interestingly, the redox state is reported to mediate the regulation of p21 gene expression [34] . The mechanisms behind the regulation of p21 gene expression by Bcl-2 are currently being investigated.
From the involvement of Bcl-2 in the growth arrest process, as described above, it is reasonable to conclude that Bcl-2 accelerates RA-induced growth arrest. However, in the present study, by removing RA, we also found that Bcl-2 transgene cells recovered more quickly from RA-induced growth arrest and regained growth potential faster than the control cells. This suggests that the growth potential of cells can be determined by RA treatment but not by Bcl-2. Our findings that Bcl-2 enhances not only RAinduced growth arrest but also recovery from growth arrest, provide an excellent model with which to study the effects of Bcl-2 on growth regulation. Unravelling the conditions and mechanisms by which Bcl-2 regulates cell growth may advance our knowledge of tumour formation and cancer therapy.
